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Abstract
The integration of building information modeling (BIM) and virtual reality (VR) has attracted increasing attention in the
architecture engineering and construction (AEC) industry. Despite the rapid emergence of BIM-based VR applications, no
evaluation framework specialized for the technologies exists in the AEC industry. After extensively reviewing existing
studies and interviewing experts, the research team proposed an evaluation framework for BIM-based VR applications,
which consists of 3 stages, 5 areas, 14 criteria, and 29 metrics and focuses on the design phase of the projects. To assess the
usefulness of the framework, the team applied it to five BIM-based VR applications using a BIM-based design project for an
educational building in Hong Kong. The team also interviewed experts to discuss the comprehensiveness of the framework.
The results show that the framework provides consistent results for comprehensive evaluation criteria and metrics in a
quantitative and flexible manner. Further research that considers additional criteria and/or metrics related to other phases
(e.g. construction phase) is required to extend the framework to the whole lifecycle.

Keywords: virtual reality (VR); building information modeling (BIM); performance evaluation framework; design
phase; immersive virtual environment

1. Introduction

As building information modeling (BIM) is a digital representa-
tion of the geometric and nongeometric information of build-
ings, it supports visualizing the physical and functional prop-
erties of buildings and carrying out a variety of analyses (e.g.
cost estimation, clash detection, and structural analysis; Herr
& Fischer, 2019; Shin et al., 2020). In addition, as virtual real-
ity (VR) technologies integrate information systems and immer-
sive environments, the architecture engineering and construc-

tion (AEC) industry has accepted VR uses with BIM to enhance
the visualization of a virtual world and interaction with the vir-
tual space and its components.

BIM-based VR technologies allow stakeholders to walk
through an artificial environment while observing a one-to-one-
scale three-dimensional (3D) model. In addition, stakeholders
who use the technologies can retrieve properties of parametric
objects and manipulate BIM components (Sampaio, 2018). As
some BIM-based VR applications provide a multiuser shared vir-
tual environment without consideration of users’ locations, they
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enhance the cross-discipline understanding of projects, which
ultimately contributes to improved collaboration among multi-
ple stakeholders. For example, the technologies can efficiently
support collaboration to adjust to conflicts in designs or con-
struction plans (Shi et al., 2016; Du et al., 2017, 2018; Sun et al.,
2019).

Due to these benefits, BIM-based immersive systems and
interfaces have attracted more and more attention from re-
searchers and industry professionals. With the rapid emergence
of BIM-based VR applications, project teams need to make deci-
sions about which applications they adopt based on their prefer-
ences (e.g. purpose) and the capability of the application. How-
ever, as software vendors do not provide the information about
their applications in a comprehensive, structured, and quanti-
tative manner, these teams have difficulty making an informed
decision on the selection of the applications appropriate for
their purpose in a consistent and flexible manner.

Several researchers have developed evaluation frameworks
for the BIM implementation levels of projects, yet there is no
existing evaluation framework for BIM-based VR technologies
in the AEC industry (Sampaio, 2010). Thus, the authors also re-
viewed existing studies about evaluating VR technologies from
other industries (Teizer et al., 2013). Although these studies sup-
port the evaluation of specific aspects (e.g. usability and collabo-
ration) of VR technologies, they are not specialized to cover com-
prehensive aspects of BIM-based VR applications.

This paper aims to develop a framework for evaluating BIM-
based VR applications. To support informed decision making on
the application, the evaluation framework must provide consis-
tent results based on comprehensive criteria in a quantitative
and flexible manner. In addition, as the first step in develop-
ing the evaluation framework for BIM-based VR applications in
the AEC industry, this evaluation framework focuses on the de-
sign phase of the projects because the utilization of the applica-
tions is relatively mature in design tasks (Calderon-Hernandez
& Brioso, 2018).

After introducing existing studies about BIM-based VR tech-
nologies, evaluation frameworks for emerging technologies in
the AEC industry, and evaluation frameworks for VR technolo-
gies in other industries, this paper describes an evaluation
framework for BIM-based VR applications applicable for the de-
sign phase of projects that was formalized through a review of
the literature and interviews with experts from multiple dis-
ciplines in the AEC industry. Finally, the paper discusses the
results of applying the framework and interviewing experts to
highlight the usefulness of the framework.

2. Points of Departure

This section describes existing studies about BIM-based VR
technologies. After introducing the evaluation frameworks for
emerging technologies (e.g. BIM) in the AEC industry and VR
technologies in other industries, the authors discuss the limita-
tions in the frameworks required to assess BIM-based VR tech-
nologies.

The increasing availability of VR technologies and the afford-
ability of VR hardware have recently led to the emergence of
VR-related applications in the AEC industry. The most advanced
VR application areas in the AEC industry are the inspection of
BIM models and collaboration in the virtual environment. The
immersive virtual environment allows the improvement of ar-
chitectural designs by identifying any issues in the designs in
advance and finding better solutions (Teizer et al., 2013; Zaker

& Coloma, 2018). In addition, collaboration in the virtual en-
vironment supports cross-team interactions among all partic-
ipants, specifically benefiting the communication between de-
signers and clients. As BIM-based VR applications serve as an
immersive and interactive medium, they lower barriers to un-
derstanding complex designs developed by multiple stakehold-
ers (Heydarian et al., 2015). In addition, BIM-based VR applica-
tions are increasingly used for construction safety identification
and training. Users of such applications can recognize inher-
ent risks and hazards in the construction process through four-
dimensional simulations implemented in the immersive virtual
environment (Germani et al., 2009, 2012). Moreover, these appli-
cations are used for construction engineering education because
they present construction sites and construction processes to
help inexperienced students comprehend the relevant concepts
through authentic multisensory feelings (Heydarian et al., 2015;
Martens, 2016; Zaker & Coloma, 2018).

As there is no assessment framework for BIM-based VR ap-
plications, the authors reviewed existing frameworks for emerg-
ing technologies in the AEC industry. Several researchers have
developed frameworks to assess the BIM implementation levels
of projects. For instance, the U.S. National Building Information
Model StandardTM proposed a Capability Maturity Model to de-
termine the maturity level of the BIM-based projects from 11 as-
pects (Sebastian & van Berlo, 2010). A BIM Proficiency Matrix was
developed to measure the proficiency level of BIM models quan-
titatively using eight categories. The researchers also formulated
a Virtual Design and Construction (VDC) Scorecard to compre-
hensively assess the implementation level of VDC technologies
in the planning, adoption, technology, and performance areas
(Kam et al., 2017). In addition to the evaluation frameworks for
BIM, existing frameworks to assess emerging technologies have
been developed to support informed decisions about (1) whether
or not the project teams or companies will apply specific tech-
nologies and (2) which technologies they will apply for their
projects. To do this, the assessment frameworks must consider
comprehensive aspects of implementing specific technologies
in a consistent, flexible, and quantitative manner (Succar, 2010).

The authors also reviewed the existing evaluation frame-
works for VR technologies from other industries. Grübel et al.
(2017) developed a framework to evaluate the navigation perfor-
mance in a virtual environment. Evaluation frameworks formal-
ized by Sidani et al. (2019) and Li et al. (2012) assess visualization
and representation performance of VR software. In addition,
Sutcliffe and Kaur (2000) developed a walkthrough method that
uses a goal-oriented task action, exploration, and navigation in
the virtual environment to evaluate the usability of VR user in-
terfaces. Meanwhile, Zhang and Zhao (2005) proposed a hier-
archical framework for evaluating the collaboration in the vir-
tual environment. After carrying out tasks required in a typical
usage situation, they collected responses from a questionnaire
they created based on the framework to determine the useful-
ness of VR collaboration. Some researchers have also built var-
ious assessment systems for industry-specific VR applications.
For example, Krohn et al. (2020) developed a VR-check frame-
work and its detailed workflow for evaluating the characteristics
and quality of VR applications in the clinical neuropsychology
field.

However, existing evaluation frameworks from other indus-
tries have limitations in directly applying BIM-based VR tech-
nologies. As they are not specialized to account for compre-
hensive aspects of BIM-based VR applications, they cannot sup-
port informed decision making on the applications. To overcome
this limitation, the research proposed the development of an
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Figure 1: BIM-based VR application evaluation framework.

evaluation framework tailored for BIM-based VR applications,
focusing on the design phase.

3. Evaluation Framework of BIM-Based VR
Applications

This section describes the framework developed in this research.
To formalize the framework, the research team reviewed exist-
ing studies about evaluation criteria and metrics for VR applica-
tions and carried out interviews with experts to finalize the crite-
ria, metrics, and their hierarchies. Based on the mutually exclu-
sive and collectively exhaustive principle, the research team first
classified entire VR implementation processes into three mutu-
ally exclusive stages: the commissioning, usage, and post-usage
stages (Yu et al., 2015; Zakharchenko et al., 2016). The team also
segmented the three stages into five areas (i.e. preparation, im-
mersion, inspection, collaboration, and side effect) based on the
main concerns of each stage. The research team identified can-
didate evaluation criteria and metrics for each area from existing
studies and interviews with seven experts (i.e. three architects,
one surveyor, one building service engineer, one project man-
ager, and one structural engineer) who have worked on building
design projects for more than 10 years (Bystrom et al., 1999; Car-
rozzino & Bergamasco, 2010; Seo et al., 2016; Mütterlein, 2018;
Wienrich et al., 2018; Harms, 2019; Soler-Domı́nguez et al., 2020).
Finally, the comprehensive criteria and metrics were tailored for
the design phase of BIM-based VR applications in a collectively
exhaustive manner.

The framework consists of three stages (Fig. 1). First, the fo-
cus of the commissioning stage is on the issues occurring be-
fore implementing the immersive virtual environment. VR ap-
plications present the information included in the BIM files to
the VR devices, and the stakeholders in the AEC industry per-
ceive realistic visual impressions of the designed buildings in
the immersive virtual environment via the devices (Wang et al.,
2019). Thus, in the commissioning stage, the framework is re-
quired to consider two aspects: the communication between the
VR applications and devices (i.e. software and hardware) as well
as the conversion of information from BIM files to the immer-
sive virtual environment. Second, users take all benefits from
implementing the BIM-based VR applications during the usage
stage. For example, users perceive realistic impressions of the
buildings and take the actions required to enhance the quality
of building designs (Vila et al., 2003). Thus, the evaluation cri-
teria considered in this stage must assess the usefulness of the
VR applications. Third, the severity and frequency of side effects

after using the VR applications have a substantial impact on us-
ability. For instance, several scholars have reported that approx-
imately 61% of users experienced symptoms of malaise, such as
dizziness and fatigue, after 20 minutes in the immersive virtual
environment (Wang & Dunston, 2006). Thus, the evaluation cri-
teria considered in this stage need to assess the degree of side
effects.

The framework contains one area for each of the commis-
sioning and post-usage stages (i.e. preparation and side effect
areas). The criteria and metrics related to the usage stage are
included in the three areas (i.e. immersion, inspection, and col-
laboration areas). The five areas of the framework include 14 cri-
teria and 29 metrics to assess BIM-based VR applications for the
design phase in a comprehensive and consistent manner. The
following subsections describe the assessment criteria and met-
rics included in each area in detail.

3.1 Preparation

The preparation area, which considers tasks carried out dur-
ing the commissioning stage, focuses on cross-platform oper-
ability (Szpak et al., 2019). This area consists of two criteria:
the VR equipment and the BIM file. As Fig. 2 illustrates, the VR
equipment includes two detailed metrics (i.e. compatibility and
convenience) while the BIM file includes three metrics (i.e. file
format compatibility, model complexity, and convenience). As
users prepare the VR devices for implementing the immersive
virtual environment, the first criterion—the VR equipment—
assesses the characteristics of the BIM-based VR applications
related to the preparation of the VR devices. Each application ac-
cepts different VR devices; therefore, users are required to select
the appropriate VR devices, in which the application operates
steadily without any problems related to function limitations,
forced termination, freezing, and frequent crashes. Thus, it is
important to assess the performance of the application based
on how many appropriate VR devices for a specific application
exist and how many steps are required to appropriately install
the devices. To this end, the VR equipment criterion is evaluated
by two metrics: compatibility and convenience. Compatibility is
proportional to the number of appropriate VR devices for the ap-
plication, and convenience is inversely proportional to the com-
plexity of merging the devices with the application. For example,
if more steps are required to install the devices, the application
will have a lower score on the convenience of the VR equipment
criterion.

The second criterion in the preparation area is the BIM file,
which contains geometry, materials, and manufacturer-specific
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Figure 2: The criteria and metrics in the preparation area.

Figure 3: The criteria and metrics in the immersion area.

data. The file format compatibility of the BIM file refers to the de-
gree of compatibility with the mainstream formats of the BIM file
for VR applications. At present, widely adopted formats for the
BIM file are DWG, DXF, IFC, RVT, DGN, PLN, and NWD (Aranda-
Mena & Wakefield, 2006). Moreover, the model complexity of BIM
files indicates the processing ability to convert the different sizes
of the model from the BIM file to the VR application without loss
of content, data deficiencies, or data compression problems (Vila
et al., 2003). The other metric of this criterion is convenience,
which means how smoothly inter-software conversion tasks can
be carried out without complicated operations.

3.2 Immersion

Three areas—immersion, inspection, and collaboration—are
proposed to grasp the outcomes that appear during the usage
stage. Immersion describes the physical feeling of the realism
of BIM models in the immersive virtual environment (Kato et
al., 2000). The feeling of immersion involves several kinds of
percipience (e.g. visual, auditory, and haptic sensations). How-
ever, as the application of VR in the AEC industry has a lim-
ited demand for auditory and haptic feedback, current BIM-
based VR applications provide predominantly visual feedback.
Thus, the immersion area includes the visual sensation as a
single criterion, which indicates how close the visual output in
the virtual environment is to real-world visual stimuli (Fig. 3).
To evaluate the criterion, the research team adopted two met-
rics (i.e. render quality and graphical quality), which are mainly

used to assess VR-specific immersion quality (Yu et al., 2015; Za-
kharchenko et al., 2016; Xu et al., 2018). The first metric, ren-
dering quality, assesses the visual effect resulting from visible
features (e.g. shading, texture-mapping, and reflection; Pardo
et al., 2018). In addition, graphical quality evaluates the vi-
sual clarity, which depends on the quality of graphical outputs
(e.g. resolution and frame rates; Blanchard et al., 1990; Nayyar
et al., 2018).

3.3 Inspection

The inspection area evaluates the applicability of functions
that enable users to view and interact with BIM objects. Us-
ing these functions, users can observe and manipulate para-
metric components in the virtual environment from multiple
perspectives (Sampaio et al., 2012; EnscapeTM, 2016). The in-
spection area includes six criteria: walkthrough, navigation, ob-
ject manipulation, annotation, acquisition of geometric infor-
mation, and acquisition of nongeometric information (Fig. 4).
Each criterion consists of the same two metrics: capability and
convenience.

The first criterion, walkthrough, assesses desirable charac-
teristics of orienting oneself and roaming in the immersive
virtual environment (Stappers et al., 2001; Thabet et al., 2002;
Cherian, 2016; EnscapeTM, 2016). The capability metric as-
sesses how extensively the BIM-based VR application covers the
functions required for walkthrough. The second metric, conve-
nience, is inversely proportional to the complexity and response
time of operating the walkthrough-related functions (Jackson &
Fagan, 2000).

The next criterion, navigation, evaluates the functions of the
BIM-based VR application in searching for the destination when
the subject has no prior knowledge of the whereabouts of the
targeted destination (Carlsson & Hagsand, 1993). The difference
between walkthrough and navigation is that walkthrough does
not have a destination, but only moves through the immersive
virtual environment.

The third criterion is object manipulation, which assesses
the functions of interacting with all kinds of BIM objects and
surrounding elements in the virtual environment. Users can ad-
just some default settings of the BIM model in the virtual envi-
ronment, such as moving the object locations (Du et al., 2018).
Adjustments to the weather or light in the virtual environment
are also considered in this criterion (Shi et al., 2016). The next
criterion, annotation, evaluates the judging, marking, and not-
ing functions of the VR applications (Du et al., 2017). The last two
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Figure 4: The criteria and metrics in the inspection area.

Figure 5: The criteria and metrics in the collaboration area.

criteria are the acquisition of geometric information and the ac-
quisition of nongeometric information, both of which evaluate
the usability of getting 3D geometric details and other paramet-
ric details from the BIM model in the immersive virtual environ-
ment during the inspection process (Heydarian et al., 2015).

3.4 Collaboration

The realistic visualization of BIM-based designs in the immer-
sive virtual environment enhances the understanding of mul-
tiple stakeholders, which supports the reduction of conflicts
among them. As stakeholders often work remotely with each
other, remote collaboration through the BIM-based VR appli-
cation becomes increasingly important. The collaboration area
consists of three criteria: multiple users, real-time communica-
tion, and real-time modification (Fig. 5). In addition, each crite-

rion is assessed by the same two metrics as the inspection area
(i.e. capability and convenience).

The first criterion about multiple users describes the function
that provides a platform where participants can meet in a shared
virtual immersive environment online. This function could ac-
commodate users walking in and/or interacting with the virtual
environment (Sampaio, 2018). Real-time communication is a re-
mote communication method used within the BIM-based VR ap-
plication (Du et al., 2017, 2018). Finally, the criterion for real-time
modification assesses how extensively and conveniently the VR
applications support the collaboration among multiple project
participants to update the BIM model investigated in the VR en-
vironment. This criterion considers the functions of real-time
modification directly within the VR applications as well as from
the BIM authoring software synchronized with the VR applica-
tions (Heydarian et al., 2015; Du et al., 2018).
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Figure 6: The criteria and metrics in the collaboration area.

Figure 7: The three-floor BIM model.

3.5 Side effects

Despite continued improvements in VR technologies, users still
experience a few negative effects after using immersive VR ap-
plications (Lampton et al., 1994; Regan, 1995, 1997). To focus
on this concern in the post-usage stage based on the mutually
exclusive principle (Yu et al., 2015; Zakharchenko et al., 2016),
the side effect area includes the criteria that directly refer to
the symptoms of malaise after using the applications instead
of causes (e.g. the time lag of visual information, unusual mo-
tion) of symptoms experienced while using the VR applications
(Chang et al., 2020). The research team first collected a variety
of symptoms by reviewing the existing literature and then de-
termined two common side effects (i.e. dizziness and fatigue;
Fig. 6) that are specifically important for BIM-based VR applica-
tions (LaViola, 2000; Chang et al., 2020). Dizziness means that the
users feel dizzy, vertigo, and disorientation when experiencing
the VR immersive condition. Meanwhile, fatigue indicates gen-
eral discomfort, including headache, eyestrain, blurred vision,
and difficulty concentrating. Each criterion has the same two
metrics: occurrence time and severity. Occurrence time records
the time a symptom occurs; severity is a self-reported measure
to describe the degree of the side effects experienced (Sampaio,
2018).

4. Application of the Evaluation Framework

To demonstrate the procedures of evaluating BIM-based VR ap-
plications based on the framework and the usefulness of the re-

sults from the framework, the research team applied the frame-
work for a case study, which is a design project developed for
a three-story educational building in Hong Kong based on BIM
(Fig. 7). This section describes the application procedures and
results.

4.1 Application procedures

To evaluate the BIM-based VR applications based on the frame-
work, the team designed four main task groups: (1) preparation
for using VR applications, (2) design visualization, (3) design in-
spection, and (4) multiuser collaboration.

The first task group includes the experimental contents re-
lated to the preparation for using BIM-based VR applications.
Participants are first required to connect the VR devices with
the VR applications and deliver the information from BIM files
to the VR applications. After that, they check if the controllers
work correctly without any problems related to functional limi-
tations and if the immersive virtual environment appropriately
presents the information (e.g. color and style of components) in-
cluded in the BIM file without any loss of content, data deficien-
cies, or data compression problems. During the preparation pro-
cesses, participants assess the compatibility of BIM file formats,
complexity of BIM files accepted, and convenience for the spe-
cific application. Figure 8 illustrates the experimental contents
of the first task group.

The tasks included in the second group start with roam-
ing in the immersive virtual environment to experience the
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Figure 8: First task group: preparation of VR applications.

Figure 9: Second task group: navigation in the BIM model.

first-person movement or control the locomotion of the avatar.
Through this experience, participants evaluate the capability
and convenience of dynamic walking, which matches the cri-
terion of walkthrough in the evaluation framework. During the
experiment, the research team describes the starting and end-
ing points (i.e. origin and destination) to the participants (Fig. 9).
After being placed at the starting point, they find the routes to
arrive at the ending point. During this process, participants as-
sess navigation-supporting functions, such as plane view, map,
and viewpoints.

The third group considers interaction with components in
the immersive virtual environment and acquisition of infor-
mation from parametric components. The adjustment of sur-
rounding conditions in the immersive virtual environment al-
lows users to assess their design under more realistic condi-
tions. During the experiments, participants are required to ad-
just to daylight by considering the designated season and check-
ing the building design. In addition, to assess the interaction-
related functions in the BIM-based VR application, they manip-
ulate components within the building model. Furthermore, as

they can acquire both geometric and nongeometric information
of the building designed through the application (Fig. 10), they
evaluate their satisfaction by accessing information for default
components and the difficulty of use based on their needs.

The research team designed the tasks in the last group to
assess the collaboration capability of the VR application. Com-
munication enhances the understanding of designs, which al-
lows for the sharing of valuable feedback (e.g. identification
of problems in design), thereby enhancing the collaboration
among multiple stakeholders. Thus, participants communicate
with others through auditory means and annotation in the im-
mersive virtual environment and evaluate the functions related
to real-time communication (Fig. 11). In addition, participants
move, rotate, and hide building components to test functions of
real-time modifications, enabling them to find appropriate de-
sign alternatives in a timely manner.

During the experiment, the research team records each par-
ticipant’s immersion time and any symptoms of malaise experi-
enced. This information is used to assess side effects. After par-
ticipants complete the entire experimental procedure, they are
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Figure 10: Third task group: a participant interacts with parametric components.

Figure 11: Task group four: two participants communicate and collaborate through the VR application.

invited to fill out a questionnaire using five-point Likert-scale
questions to evaluate different metrics of each application. The
questions are closely connected to the predefined criteria in the
evaluation framework, and scaled values are assigned to each
option in the Likert questions to discriminate different levels of
applicability.

4.2 Application results

To evaluate the BIM-based VR applications based on the frame-
work, the research team conducted 15 experiments with 10

graduate students who had earned undergraduate degrees in ar-
chitectural and civil engineering and 5 professionals with more
than 5 years of work experience in the AEC industry. Each par-
ticipant was asked to explore the functions and complete all ex-
perimental tasks for five different BIM-based VR applications.
Based on the results collected from the questionnaire, the re-
search team computed the average score in each area first and
then calculated the average score of the five areas as an over-
all score. The five-point Likert-scale results were assigned to the
scores along an interval from 0 to 10 (i.e. 0, 2.5, 5, 7.5, and 10),
thereby enhancing the comparability between each area. The
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Table 1: Score of each VR application.

Area Criteria Metric Application

1 2 3 4 5
Mean
(S.D.)

Mean
(S.D.)

Mean
(S.D.)

Mean
(S.D.)

Mean
(S.D.)

Preparation VR equipment Compatibility 9.2 (1.2) 8(1.7) 7.2(1.9) 8.7(1.6) 7.0(2.2)
Convenience 9.0(1.3) 8.5(1.3) 7.2(2.1) 8.2(1.5) 6.7(2.2)

BIM file BIM format compatibility 8.5(1.6) 8.3(1.5) 7.8(1.6) 8.7(1.3) 6.5(1.8)
Model complexity 9.2(1.2) 8.3(1.8) 8.3(1.2) 8.2(1.1) 2.2(1.9)
Convenience 8.7(1.6) 8.8(1.3) 7.7(2.0) 8.7(1.3) 6.7(1.8)
Final score of the preparation 8.9(0.8) 8.4(1.0) 7.6(1.3) 8.5(0.9) 5.8(1.5)

Immersion Visual Render quality 7.8(1.3) 8.0(1.4) 6.8(2.2) 9.3(1.1) 3.5(2.3)
Graphic quality 7.2(1.9) 6.2(1.9) 6.8(2.0) 9.8(0.6) 2.2(1.3)
Final score of the immersion 7.5(1.2) 7.1(1.3) 6.8(1.6) 9.6(0.6) 2.8(1.3)

Inspection Wayfinding Capability 8.3(1.5) 7.8(2.1) 6.5(1.8) 6.5(2.3) 1.0(1.6)
Convenience 8.2(2.2) 7.5(2.1) 6.3(1.9) 7.8(1.9) 1.2(1.6)

Navigation Capability 8.0(1.4) 6.0(2.5) 5.8(1.5) 5.2(3.2) 1.0(1.6)
Convenience 8.0(1.7) 5.5(2.4) 5.5(1.7) 5.7(3.3) 1.2(1.6)

Object manipulation Capability 6.2(2.3) 7.3(1.8) 3.3(2.4) 3.3(3.1) 0.7(1.1)
Convenience 7.2(1.6) 7.7(1.8) 3.7(3.0) 3.2(2.9) 0.8(1.2)

Acquisition of geometric
information

Capability 7.2(2.5) 4.7(2.8) 4.7(3.0) 2.3(3.1) 1.5(1.8)

Convenience 7.8(1.9) 5.3(2.5) 4.2(2.8) 2.5(3.0) 1.7(2.2)
Acquisition of nongeometric
information

Capability 6.0(2.3) 1.7(1.8) 4.2(3.2) 1.5(2.8) 0.5(1.0)

Convenience 6.5(1.6) 2.2(2.3) 4.0(3.2) 1.7(2.8) 0.5(1.0)
Annotation Capability 8.8(1.3) 6.7(2.4) 0.5(1.0) 0.3(0.9) 0.3(0.9)

Convenience 8.8(1.9) 7.0(2.5) 0.3(0.9) 0.3(0.9) 0.2(0.6)
Final score of the inspection 7.6(0.8) 5.8(1.1) 4.1(1.6) 3.4(1.2) 0.9(0.9)

Collaboration Real-time modification Capability 2.2(1.6) 4.7(2.7) 1.0(1.6) 0.5(0.01) 0.0(0.0)
Convenience 2.8(2.1) 4.3(3.2) 1.0(1.6) 0.7(1.1) 0.0(0.0)

Real-time communication Capability 8.2(1.5) 0.8(1.5) 0.5(1.0) 0.7(1.5) 0.0(0.0)
Convenience 8.5(1.6) 0.7(1.1) 0.3(0.9) 0.5(1.4) 0.0(0.0)

Multiple users Capability 7.5(1.6) 1.0(1.6) 0.5(1.0) 0.3(1.3) 0.0(0.0)
Convenience 7.5(1.9) 0.7(1.5) 0.3(0.9) 0.3(1.3) 0.0(0.0)
Final score of the collaboration 6.1(1.0) 2.0(1.2) 0.6(0.9) 0.5(1.1) 0.0(0.0)

Side effects Dizziness Occurrence frequency 8.2(2.4) 5.3(2.5) 7.3(3.1) 6.2(3.1) 6.5(4.3)
Severity 8.3(1.5) 5.3(2.3) 8.0(1.9) 6.8(3.1) 9.8(0.6)

Fatigue Occurrence frequency 7.7(2.6) 5.8(2.8) 7.5(3.3) 5.8(3.1) 7.0(3.9)
Severity 8.0(2.4) 6.0(2.5) 8.3(2.0) 6.3(2.8) 9.3(1.1)
Final score of the side effects 8.0(2.1) 5.6(2.1) 7.8(2.1) 6.3(2.7) 8.2(2.0)

Overall score 7.6(0.6) 5.8(0.9) 5.4(0.8) 5.6(0.8) 3.5(0.7)

final scores of the five areas and the total performance are pre-
sented in Table 1. Application 1 showed high scores in all areas.
Although Application 4 received significantly higher scores than
other applications in the immersion area, it received a low score
in the VR inspection and collaboration areas. The assessment
results of each area are described in detail next.

In the preparation area, Applications 1, 2, 3, and 4 similarly
received high scores; only Application 5 had a distinctly lower
rate. Applications 1, 2, 3, and 4 could identify and connect VR
devices as well as render mainstream formats of BIM files auto-
matically. In contrast, Application 5 was incompatible with VR
devices and required users to manually convert the BIM files to
rendered files in the application.

For the immersion evaluation, the results showed that Ap-
plication 4 had the best performance because it was the only
application to present real textures of BIM components and ren-
der detailed light and shadow effects to enhance visualization.
The incompatibility problems of Application 5 caused data loss
from the BIM files, which led to an extremely low user immer-

sion level. The BIM model presentation of Applications 1, 2, and 3
allowed users to experience the immersive virtual environment
to a certain degree.

In the inspection area, the five applications were divided
into two levels based on their scores. Applications 1 and 2 had
high scores, indicating that they could meet most participants’
basic needs. These two VR applications had their own unique
strengths in the inspection area. Application 1 could transfer
and present more comprehensive BIM information in the virtual
environment. Participants could acquire various pieces of non-
geometric information. Application 2 showed good performance
for object manipulation, which provides numerous functions of
interacting with BIM components (e.g. switching the lights) dur-
ing the inspection process. In contrast, Applications 3, 4, and 5
could not offer practicable inspection functions for participants.

The collaboration area was the most immature area in
the BIM-based VR applications. Only Application 1 created
an acceptable platform for BIM collaboration. Multiple users
could communicate in a virtual environment, yet the real-time
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Figure 12: A: spider diagram of the evaluation scores for each area of five BIM-based VR applications.

modification was limited to highlighting or hiding components
without further adjustment. Applications 2, 3, and 4 provided
minimal collaborative functions. Finally, Application 5 did not
provide collaboration capability in the virtual environment.

The last evaluation area is the side effects, including dizzi-
ness and fatigue. Most participants did not have obvious ad-
verse reactions after testing Applications 1, 3, and 5. However,
some participants indicated experiencing typical discomfort af-
ter testing Applications 2 and 4. Application 2 offered an unfa-
miliar mode of movement (i.e. flying). Furthermore, some mo-
tions (e.g. going through the doors) would conduce visual shak-
ing. These are the reasons for users’ unpleasant symptoms af-
ter 20 minutes of testing. For Application 4, several participants
commented that the excessively abundant light and shadows
during the observation caused dizziness. Figure 12 shows a spi-
der diagram for comparison of scores for each area of the five
applications.

5. Discussions

The research team proposed a framework to help users make
informed decision when they choose a BIM-based VR applica-
tion based on their preferences. To discuss the usefulness of the
framework, the team assessed the consistency, comprehensive-
ness, and practical effectiveness of the evaluation framework for
BIM-based VR applications.

First, the research team used the results of the 15 experi-
ments detailed in the previous section to discuss the consistency
of the evaluation framework. To select the most appropriate ap-
plication, the consistent prioritization of applications is neces-
sary. Thus, the team used Kendall’s coefficient of concordance
(i.e. Kendall’s W) to assess the consistency of the framework
in a quantitative manner (Zhao et al., 2012; Sánchez Calleja et
al., 2016). This coefficient measures agreement among several
participants for the rankings of evaluation objects. Therefore,
the coefficient indicated the consistency in the rankings of the
applications among the 15 participants. The null hypothesis of
Kendall’s test was established.

H0: The evaluation results from the 15 participants are in-
consistent.

Table 2: Kendall’s coefficient of concordance analysis for 15
experiments.

P Kendall’s W

All participants 0.000 0.788
Ten students 0.001 0.771
Five professionals 0.001 0.928

The significance level was 0.05, and the results are presented
in Table 2. The P = 0.000, which is lower than the significance
level (0.05). Thus, the null hypothesis was rejected, and the hy-
pothesis (i.e. the evaluation results from the 15 participants are
consistent) was accepted. Furthermore, Kendall’s W is 0.788;
normally, Kendall’s W ranges from 0.6 to 1 to indicate consis-
tency (Zhao et al., 2012; Sánchez Calleja et al., 2016). Thus, the
results from the 15 participants who used the evaluation frame-
work are consistent in the rankings of these five VR applications.
The team also computed Kendall’s W for students and profes-
sionals separately (Table 2). P values (0.001) for both groups are
lower than the significance level (0.05). Kendall’s W values for 10
students and 5 professionals are 0.771 and 0.928, respectively.
Although the results from both student and professional groups
based on the evaluation framework indicate consistency in the
ranking of the five VR applications, the results from the profes-
sional group are more consistent than those from the student
group.

However, Table 1 shows that the standard deviations of
scores in the framework range between 0 and 3.9. This means
that inconsistency in the scores of different participants still
exists with a variety of ranges even for the same applications.
Specifically, metrics in the inspection and side effect areas were
assessed with higher variability (i.e. less consistent) than those
in the other areas.

To assess the comprehensiveness of the evaluation frame-
work, the research team conducted three semistructured inter-
views with experts who have more than 5 years of experience
working with BIM design and VR implementation. The intervie-
wees rated the levels of comprehensiveness for each area in the
framework on a scale ranging from 0 to 5. They indicated that
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no additional criteria or metrics were necessary for the prepara-
tion, immersion, inspection, and side effects areas and, thus, the
average scores for each of the four areas were 5.0. However, the
average score for the collaboration area was 4.3. Two intervie-
wees commented that, although the existing BIM-based VR ap-
plications lacked functions related to real-time modification, ap-
plications would increasingly enrich those functions in the near
future and, thus, the framework would have to account for more
extensive functions related to the real-time modification as its
criteria. Thus, although the proposed evaluation framework was
comprehensive for existing BIM-based VR applications, it will
need to incorporate adaptive criteria for the future evaluation
of advanced VR applications.

To address the practical effectiveness of the evaluation
framework, the research team interviewed the five profession-
als who participated in the experiments. The five interviewees
rated the levels of practical effectiveness of the framework on a
scale ranging from 0 to 5, and the average score was 4.6. All inter-
viewees stated that, because the framework provides the evalu-
ation results in a comprehensive, structured, and quantitative
manner, the framework would be able to support informed de-
cision making on the BIM-based VR application based on their
priority in a flexible manner. For example, although Application
4 received low scores for the inspection and collaboration areas,
it obtained a significantly high score in the immersion area. As
this score reflects how close the visual output in the virtual en-
vironment is to real-world visual stimuli, it would be a suitable
choice for users whose focus of using the BIM-based VR appli-
cation is on assessing a building design with a realistic visual
effect (Kato et al., 2000; Nayyar et al., 2018; Pardo et al., 2018). In
addition, as Application 1 obtained a high score in all areas, it
is recommended for a project team with a variety of objectives
for using the BIM-based VR application, including the retrieval
of properties of objects and manipulation of BIM components
(Sampiao, 2018).

However, the interviewees also addressed the limitations and
suggestions of the framework to enhance its practical effective-
ness. First, although the framework supports the provision of a
certain degree of consistent assessment results, inconsistency
in scores for each metric still exists. They mentioned that there
might be two main causes of inconsistency: different rating ra-
tionales of participants and other different characteristics of
participants (e.g. medical conditions). Thus, they suggested that
the rating system (i.e. five-point Likert-scale) in the question-
naire be elaborated by providing reference values or examples
for each score of the questions to improve the consistency of
results. In addition, to consider other different characteristics
of participants in a flexible manner, it is necessary to present
adjusted results based on the characteristics. To this end, the
questionnaire should include questions asking about experi-
ment participants’ characteristics (e.g. medical conditions). Sec-
ond, the experimental tasks were completed by a small number
of students and professionals, so additional experiments with
additional participants are required to ensure the validity of the
experimental results and their consistency. The third limitation
is that the team used only an educational building for the ex-
periments. As users may have different expectations of using
the BIM-based VR applications for different types of buildings,
the consideration of additional types of buildings will enhance
the validity of results from the experiments. The last limitation
relates to the usage phase of this evaluation framework. The fo-
cus of the evaluation framework is on the design phase because
the utilization of BIM-based VR technologies is relatively mature
in design tasks (Du et al., 2017; Zou et al., 2017), yet BIM-based VR

applications are increasingly being developed for other phases.
For example, BIM-based VR applications can be used to recog-
nize inherent risks and hazards in the construction process dur-
ing the construction phase (Germani et al., 2009, 2012). Thus, the
evaluation framework for the applications should be extended to
cover the whole lifecycle.

6. Conclusion

The integration of BIM and VR technologies has a great potential
to contribute to many aspects (e.g. design and education qual-
ity, safety) in the AEC industry. For instance, as inspecting design
components of buildings in the immersive virtual environment
enhances the understanding of designs, which allows for the
identification of problems in advance, BIM-based VR technolo-
gies support the improvement of design quality. With the rapid
emergence of these technologies, project teams and institutions
must make informed decisions on which applications they will
adopt depending on their preferences. However, as the existing
evaluation frameworks for innovative technologies are not tai-
lored for BIM-based VR applications, they have difficulty mak-
ing informed decisions when selecting applications in a flexible
manner.

Such informed decisions need consistent assessment results
based on comprehensive criteria. Thus, the research team ex-
tensively reviewed existing studies to identify candidate evalua-
tion criteria and metrics and conducted interviews with experts
to finalize the areas, criteria, metrics, and their hierarchies. In
addition, as the first step for developing the evaluation frame-
work for BIM-based VR applications, the team focused on the
design phase of the projects for using the framework. Finally,
the team proposed an assessment framework for BIM-based VR
applications, which consists of 3 stages, 5 areas, 14 criteria, and
29 metrics.

To assess the usefulness of the framework, the team applied
it to five BIM-based VR applications using a BIM-based design
project for a three-story educational building in Hong Kong. Af-
ter carrying out the tasks designed by the research team, the
participants responded to the questionnaire developed based on
the framework. The team also interviewed professionals to as-
sess the comprehensiveness and practical effectiveness of the
framework. The application results indicated that the frame-
work provided consistent results for comprehensive evaluation
criteria and metrics in a quantitative manner, which would sup-
port users in making informed decisions on the applications
flexibly depending on users’ preferences. In particular, Kendall’s
W for the participants was 0.788, which indicates good consis-
tency in the rankings of the five BIM-based VR applications.

However, this research still has several limitations. First, the
questionnaire’s rating system (i.e. five-point Likert scale) should
improve the consistency of the results by providing reference
values or examples for each score of the questions. Moreover,
the research carried out the experiments with a small num-
ber of participants and used a case study about an educational
building. Thus, extensive experiments with practitioners and
other types of buildings are required to enhance the generality
of the assessment results. In addition, the evaluation framework
focused on the design phase when the utilization of the BIM-
based VR applications is relatively mature. Consequently, the
consideration of additional criteria and/or metrics pertaining to
other phases (e.g. construction phase) when using the applica-
tions will contribute to extending the framework to the whole
lifecycle.
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